It is currently accepted that 'stress' triggers induction of microspore embryogenesis, and for Brassica napus L. cv. Topas it is heat-shock. It has been postulated that the heatshock proteins (HSPs) generated during heat stress have a central role in the induction mechanism. To test this hypothesis we developed a microspore induction procedure, using colchicine instead of heat treatment. The level of HSP70 increased significantly during and following the microspore heat treatment while sHSP19 expression was induced at the onset of heat-shock and declined after 8 h. In contrast, induction of embryogenesis with colchicine was not accompanied by elevation of HSP70 nor by induction of sHSP19, indicating that these HSPs are not required for induction of microspore embryogensis in this model system. These data refute the current hypothesis that HSPs have an essential role in triggering microspore embryogenesis.
Microspores of many angiosperm species can be diverted from normal pollen development into embryogenesis. Brassica napus microspores respond to a 24 h heat-shock of 32.5°C by embryo formation (Keller and Armstrong 1978 , Keller and Armstrong 1979 , Chuong and Beversdorf 1985 , Keller et al. 1986 , Telmer et al. 1992 ) but at 25°C, pollen development continues (Simmonds and Keller 1999) . The biological mechanism(s) underlying this developmental switch, induced by heatshock, is poorly understood.
In response to heat-shock most organisms synthesize heat-shock proteins (HSPs) and stop producing housekeeping proteins (Vierling 1991) . HSPs are a heterogeneous group of proteins that range in size from about 17 to over 100 kDa (Vierling 1991 , Waters et al. 1996 . Many high molecular weight HSPs, the cognate HSPs or HSCs, are constitutively expressed and have other functions such as that of chaperones in protein folding (Hendrick and Hartle 1993) . The HSP70 (70 kDa) multigene family is comprised of HSP and HSC proteins; HSP70 respond to heat-shock while the HSC70 proteins are expressed constitutively and participate in diverse cellular processes, including protein metabolism and transport (Hendrick and Hartle 1993, DeRocher and Vierling 1995) .
HSPs were implicated with induction of embryogenesis in B. napus cv. Topas microspores because the heat treatment induced several new proteins that appeared to be HSPs, and increased the synthesis of HSP70 (Cordewener et al. 1994 , Cordewener et al. 1995 . Also, during induction of tobacco microspore embryogenesis by starvation, there was an increase in the transcription level of a tobacco small HSP (sHSP), Nthsp18 (Zarsky et al. 1995) . This has led to the hypothesis that stress or HSPs, in the case of heat-induction, have a central role in the initiation of microspore embryogenesis (Cordewener et al. 1995 , Cordewener et al. 1996 , Zarsky et al. 1995 , Touraev et al. 1996 .
Alternatively microspore embryogenesis may be triggered by heat-shock repression of protein synthesis that occurs concomitantly with the production of HSPs which results in a decrease of pollen-specific protein synthesis. Based on the finding that inductive starvation treatment of tobacco microspores resulted in an overall decrease in RNA and protein synthesis (Harada et al. 1988 , Garrido et al. 1993 , Harada et al. (1988) suggested that protein degradation and inhibition of protein synthesis were implicated in the switch from pollen development to embryogenesis. Ultrastructural studies of heattreated B. napus cv. Topas microspores showing organelle-free regions in the cytoplasm (Telmer et al. 1993) , support the idea that protein degradation and inhibition of protein synthesis may trigger a change in development. Embryogenesis may be a default mechanism resulting from blocked pollen development, and HSPs may simply enable survival during heat stress (Simmonds et al. 1991) .
To distinguish factors associated with microspore induction that lead to embryogenesis from those associated with heat-shock, we developed a method of inducing microspore embryogenesis with colchicine, a microtubule depolymerizing agent (Zhao et al. 1996) . Expression of HSP70, also examined by Cordewener et al. (1995) , and a sHSP, similar to the Arabidopsis thaliana sHSP17.6 was investigated in heat and colchicine treatments to evaluate the role of HSPs in the induction of B. napus cv. Topas microspore embryogenesis.
HSP70 and HSC70 are detected in the same band in Western blots as both bind to the monoclonal antibody, clone N27F3-4 (Cordewener et al. 1995) . Isolated microspores showed low constitutive expression of this 70 kDa protein (Fig. 1 ) that increased significantly after 2 h of heat treatment (Table 1) , peaked by 4 h, and remained at this high level for at least 2 d post heat-treatment (Table 1, Fig. 1a ). This is considered to be a significant elevation of the inducible HSP70 as all immunodetectable isoforms of the 70-kDa protein continue to be synthesized during both the heat-shock and control temperatures (Cordewener et al. 1994 , Cordewener et al. 1995 . This expression pattern was consistent in all four independent experiments (Table 1) , while the embryogenic frequencies varied among the experiments (5.1%, 11.9%, 12.4% and 20.0%); this is not surprising as the microspore induction frequency, as determined by symmetrical divisions, was always over 90% while the embryogenic frequency varied (Telmer et al. 1995) . Without heat treatment no embryogenesis occurred, and the expression level of HSP70/HSC70 during the time course of the experiment did not differ significantly from that at 0 h (Fig. 1b , Table 1 ).
Class II microspores, treated with colchicine for 42 h, were induced to form embryos at frequencies of 4.0%, 4.2%, 7.8% and 8.0% in four independent experiments, but the level of expression of the 70-kDa band did not increase in any experiment as it had in the heat treatments (compare Fig. 1a with Fig. 1c , Table 1 ). Similar levels of expression of this protein were found in untreated cultures that did not produce embryos (Fig. 1d , Table 1 ). The slight differences in labelling intensity over the time course (Fig. 1b, c, d ) are insignificant as small fluctuations around the basal level of expression varied at different time points in each independent experiment (Table 1) .
Immunoblots of protein extracted from microspores at different developmental stages (MU, UV, LU) show that the 70-kDa protein (HSC70) was present at all stages examined but the level of expression declined progressively as the pollen matured (Fig. 1e) .
The heat treatment also induced a sHSP, approx. 19 kDa (designated here as sHSP19), and was detected on Western blots with antibodies against A. thaliana sHSP17.6 protein (Wehmeyer et al. 1996) . The pattern of expression differed from that of HSP70/HSC70 (Fig. 2) ; the sHSP19 protein first appeared as a very faint band after 2 h of heat treatment (not noticeable in Fig. 2 ), peaked between 4 and 8 h of heat treatment and declined after this time. The sHSP19 was not detected in freshly isolated class III microspores (0 h, Fig. 2,  3a ) nor in the control class III microspores grown at 25°C (data not shown). The sHSP19 was not expressed at any time, before, during or after colchicine treatment of microspore cultures (Fig. 3a) , in control class II microspores cultured at 25°C (data not shown), or during any stage of pollen development (Fig. 3b) .
These data clearly show that embryogenesis was induced in the presence of colchicine without induction of HSP19 and elevation of HSP70/HSC70. Thus, we conclude that these HSPs are not required for induction of microspore embryogenesis.
A reorganization of the microtubule or actin filament cytoskeleton during colchicine and heat treatments is believed to be a critical event during microspore induction of embryogenesis in B. napus cv. Topas (Zaki and Dickinson 1990, Zaki and Dickinson 1991, Simmonds et al. 1991 , Hause et al. 1993 , Simmonds 1994 , Zhao and Simmonds 1995 , Zhao et al. 1996 , Gervais 1999 , Simmonds and Keller 1999 . Colchicine, which binds to tubulin dimers and leads to microtubule depolymerization, disrupts the microspore cytoskeleton (Simmonds 1994, Zhao and . Heat treatment induces major changes in microtubule organization, the most significant being the formation of preprophase bands (PPBs) of microtubules (Simmonds 1994, Simmonds and Keller 1999) that are an integral part of sporophytic divisions but not of gametophytic divisions. However, PPBs do appear in microspores undergoing heat induction; they determine the location and stability of the future wall that separates the daughter cells following the first microspore division (Mineyuki and Gunning 1990 , Simmonds et al. 1991 , Simmonds 1994 , Simmonds and Keller 1999 . Gametophytic divisions which occur without PPBs result in unstable, degradable walls, a necessity for future mobilization of generative and sperm cells (Simmonds and Keller 1999) . A stable wall, facilitated by the PPB, distinguishes sporophytic from gametophytic structures and emphasizes the significance of cytoskeleton re-organization during microspore division.
Cytoskeletal organization in plants is also disrupted with cold (Wallin and Stromberg 1995, Sopory and Munshi 1996) , inductive treatments used to stimulate androgenesis in many plant species, including D. innoxia, Nicotiana tabacum and most cereals (Dunwell 1996, Sopory and Munshi 1996) .
The increase in the expression of HSP70 and the induction of sHSP19 in heat-treated microspores is a typical heatshock response and is likely important for thermotolerance. Although individuals of the inducible HSP70 family do not have a central role in the inductive process as suggested by Cordewener et al. (Cordewener et al. 1995 , Cordewener et al. 1996 , it is possible that HSPs have an indirect role in microspore embryogenesis by interacting with the cytoskeleton, e.g. b-internexin, a microtubule-associated protein, is a homologue of HSP70 (Green and Leim 1989) , and in other systems HSP90 The data, during treatment (2, 4, 8, and 24 h) and following treatment (42 and 72 h), is presented as means of ratios of the baseline HSP cognate expression at 0 h. a ND, statistical analysis was not applied to sample times with fewer than three replicate samples. b S, significantly different from time 0 h by Dunnett's significant difference test; *P = 0.05; **P = 0.01. c NS, no significant differences by ANOVA (P = 0.05).
Treatment
Microspore and microtubules co-localized (Fostinis et al. 1992 ) and actin was stabilized by HSP27 (Lavoie et al. 1993) . It is concluded that the reorganization of the microspore/pollen-specific microtubule network, by heat, colchicine, cold or other techniques, blocks gametophytic divisions and/or promotes sporophytic divisions that serve to induce microspore embryogenesis. Growth of donor plants, B. napus L. cv. Topas line 4079, and isolation of microspores was described previously (Zhao et al. 1996) . Microspores were cultured in Petri dishes (4.8 ml/ plate, 100 mm-diameter, 20 mm-deep; Falcon 1005) at a cell density of 40,000 ml -1 and incubated in darkness at 32.5°C for 24 h followed by 25°C for heat induction, and at 25°C continuously for colchicine induction. The colchicine treatment consisted of 42 h of culture at 25-50 mM colchicine followed by a reduction in colchicine concentration (Zhao et al. 1996) . Different classes of microspores were used for the two induction systems to maximize the embryogenic response (Zhao et al. 1996) ; class III and class II microspores were used for heat and colchicine induction, respectively. Class III microspores consisted of the majority of cells at the late unicellular, mitotic and early bicellular stages, while the majority of class II microspores were at unicellular vacuolate stage (Telmer et al. 1992) . At least three plates each of heat and colchicine treatments were cultured for 3-4 weeks to determine the frequency of embryogenesis for each of four experiments. Control experiments for class II and III microspore cultures were cultured at 25°C and replicated three times for each class.
Samples of approx. 2´10 5 microspores (contents of one Petri dish) were taken at 0 h (immediately after isolation), 2, 4, 8, 24, 42, and 72 h and centrifuged with an equal volume B5 (Gamborg 1982) containing 0.35 M mannitol (225´g for 3 min); the pellets were then transferred to microfuge tubes, centrifuged, excess supernatant fluid removed and stored at -80°C with 100 ml gel sample buffer (62.5 mM Tris pH 6.8, 10% glycerol, 2.3% SDS and 100 mM dithiothreitol). Samples were also processed from microspores isolated at several developmental stages (Fig. 1e, 3b) .
For Western blot analysis, the frozen samples were homogenized, boiled for 5 min, the insoluble debris removed by centrifugation (9,000´g for 2 min) (Bedinger and Edgerton 1990) and the protein concentration determined (Bradford 1976 , Bio-Rad Laboratories, Mississauga, ON, Canada). Proteins (10 mg per well) were separated by SDS-PAGE on mini gels (Mini-Protean II System, Bio-Rad Laboratories, Hercules, CA, U.S.A.) on 10% acrylamide separating gels and 4.5% stacking gels (Laemmli 1970) . The gels were blotted onto polyvinylidene difluoride membranes, rinsed with Tris-buffered saline (50 mM Tris-HCl, 150 mM sodium chloride, pH 7.5) and processed using the BM Chemiluminescence Western blotting Kit (Cat. # 1 520 709, Boehringer Mannheim GmbH, Germany), according to the manufacturer's instructions. The primary antibodies, mouse monoclonal antibody (clone N27F3-4, StressGen, Victoria, BC, Canada) that recognizes the human HSP70 and HSC70, and a rabbit polyclonal antiserum raised against A. thaliana HSP17.6 protein (Wehmeyer et al. 1996) , kindly provided by Dr. E. Vierling, were diluted 1 : 1,000 with 0.5% manufacturer's blocking solution. Chemiluminescence signal intensities were quantitated with the BioRad Quantity One quantitation software (Catalog # 170-8601, Bio-Rad, Mississauga, ON, Canada). Intensities relative to time zero values were analysed by ANOVA; Dunnett's significant difference test was applied to determine treatment effects.
